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Abstract

Perflucracarbon tracers (PFIs), a class of
six compounds, were used to help characterize
the Shallow 0il Zone (S0Z) reservoir at the
Haval Petroleum Reserve in california (HERC)
at Elk Kills. The 502 reservoir is undergoing
a pilot gas injection program to assess the
technical feasibility and economic wiability
of injecting gas inte the 507 for improved
eil recovery. PFTs were utlilized in the pi-
lot gas injection to gqualitatively assess the
axtant of the pilot gas injection so as to
deternine the degree of gas containment with=
in the BOZ reservolr.

Four different BFIs were used, two were in-
jm:tuu over a days duration (approximately 12
grams of each) into a well undergoing 250
MCFFD of gas injectlon and the other two tra-
cars imjected ever a days duratisn in another
wall undergoing 75 MCFPD of gas injectiomn.
Samples were collected from at least sighteen
sampling wells surrocunding the in;n:tiun
wells; collectad at the wellhead Im 1 liver
sappling bombs and transferred at the HFRC
gite ta amaller Capillary Adsorbent Tracer
Sanplers (CATS) which were then shipped to
Brookhaven Wational Laboratory (BHL) for tra=-
cer analysis. Up to six tragers can be aimul-
taneously analyzed within fourtesn minutes
down to a detection limit of several femto-
liters of tracer per liter of reservoir gas.

FFTs have been detected in at least thirteen
of the sampling wells ever saveral months of
ll‘l!lplil'lﬂ. Results will be disocussed in gqual-
itative terms of reserveir characterization
since the design of the experiment does not
allow guantitative certalnty in reservelr in-
terpreatation. The tracer progran has suggest-
ed changes in the geological interpretation
of the reservoir since Iaulting affects the
movement of the tracer tagged injection gas.

This werk demonstrates that a relatively sim-
ple tracer program can be used to improve re-
servoir characterization.

Introducticn

Chemical tracers have their greatest uBiliky
in the deternination of bulk flow transport
and flow dispersion withim both gasecus and
liguid phases. In the past, perfluorecarbon
tracers (FFTs] hawve amply provided this trac-
ing utility in long-range atmospherio trans-
port amd dispersion experiments. FPFTs have
also besn applied to subsurface petroleum re-
servolir experimenta in the past (1) and are
now being applied in several sxperinents at
the Elk-Hills Field, Naval Fetroleum Reserve
in Califernia (NPEC). The purpose of these
experiments is teo apply the PFT2 in transport
and di:p!rﬂiﬂh tests for the demonstration of
their utility in these applications. The fol-
lowing is a report of the first demcnstration
experinent at NPRC, a gqualitative tracer
transport and dispersien test in the Shallew

Qil Zene.
Perfluorocarbon Tracers

Perflucrocarbon Tracers are a family of fully
floorinated alkyl subatltuted eycloalkanes, A
list of which is given in Table 1.

The PFTs are llated in order of chromato-
graphic elution for the specific chromato-
graphic column used in the laboratory analy-
gis system. All PFTs except for the perflucre
indanes are currently available for use. The
FTCH has sewveral isomers of which only the
two major isomers are simply designated as

1 and 2. Several of the PFTs cannot be used
simaltanecusly, such as PECH and pc-FODCH or
ot-pDCH, since they cannct be chromatograph=
ically resslved into ssparate peaks with the
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present chromatographic column.
The FFTs have the following advantages, l.&.,

1] Thers 1a a negligikble background of the
EFTa in Ehe atmospheric and suksurface
environments, dues to wvery limited in-
dustrial use of the PFTs as heatk kErans-=

fer agents.

) The EFTs are completely non-toxic, non=
reactive and non=flammakle and are to-=

tally environmantally safe.

1) The PFTs are sensitively detected by
Electron Capture Detection (ECD) deown
to about a 0.1 fentoliters (1DE-1%) in
the gag phase. This sensitivity 15 com-
parable to that for radlsactive tra-
cers, such as krypton-8% and tritiated
nethane. This sensitivity towards de=
tection pernits spall gquantities of
PFTs to be used in petroleum reservolr
gxperinents, of the order of tens of

grARE.

i) The perflucrocarbon tracer technology
is a multi-tracer technology permitt-
ing up to six FFTs to be simaltancously
daployed, aanglad and analyzed which
means a relat 'n'i:l]' law cost of use cdm=
pared to the conventionally used tra-
cers, such as the radicactive tracers.

The physical properties of the FFTs are given
in Table 2.

As can be seen in Table 2, the FFTs are li=
gquids at normal temperatures and havae solu-
bilities in hydrocarbon flulds. This indi-
cates that the PFTs will not be transported
conaervatively in petroleum resarvoirs, i.e.,
the FFTs will not be transported at the bulk
flow rate of the subsurface medium, but rat-
her at a rate retarded with respect to tha
bulk flew rate. This degree of retardation is
dependent cn the composition of the hydrocar-
bon phases in the reservolr and the reservoir
pressure and temperature. This retardaticon
can be calculated for sach of the PFTs by
standard models and In turm this retardaticn
can ba used te determine additicnal informa=
tion about the resecvoir, such as the average
residual pore oil saturation along the path
of transpert im & gas injection experinent.
Thus a multi=- PFT experiment can be designed
nokt anly to determine the reservoir transport
and dispersion properties but also the degree
of pora oil saturation along the path of
transport. More detalils about the PFT techno=
logy 18 avalilable in refersnce 2.

The Shallow 0il Tone {(50%) Reservolr at WPRC

The S0E 1s a multilayered ressrvolr which
originally centained mere than 1,250 millien
barrels of oil. It iz estimated that the
primary recovery #fficiency in the B0Z will
be less than 50%. Cumulative preduction to
date ia 439 MMBO. The 55-1 is one of nine oll
producing Intervals In the (502). The 55=1
represents & large porticn of the remaining
150-200 MMBED left to be produced by primary
production methods. The §5-1 also has the

lowest reservoir pressure, less than 50 pslg,
of any of the intervals in the S0E. The low
regervolr pressure provides the opportunit

ta increase the aconomic value of its remain-
ing primary reserves by implementing process—
es which incresss reservoir pressure and pro-
ductivity, thereby accelerating recovery.

Gas injection is a potentially viable means
to increasea the esconcmic value of the remain-
ing eil=1n=-place by supplesmenting the natural
qravity drainage mechanism. & pilot gas if=
jection project was initiated in Aprll 1591
to gather production and Injection data to
assess the technical feasibility and econcmic
wiabllity of injecting gas to increase resar=
volr pressure and productivity. Pilot re-
sults will be used to determine the potential
for expanding this process to other porticons
of the S50Z.

The area for gas injection was selected [or
the follewlng reascna:

1} The pilat arem appears to be contalned
by five normal faults, with displace-
ments of Z0 to 100 feet to the south-
east. The faults form & fault block
elongated in a NE-5W direstion. The two
larger faults are labelled “w* and "W",
Three smaller faults batwesn "V® amd "W"
subdivide the pilot area into Four
sections.

2) FProduction characteristica in the area
indicate that a secondary gas cap has
formed in the 55-1 interval south and
east of the fault *"V™ while most of the
wells north amd west of the fault =v®
are within the oil band.

) There is goed areal distribuktion of
wells with mechanical integrity that can
be used foar injection, production and
monitoring. The wells in the project
area are conpleted only in the S5-1.

4] The primary drive mechanism is gravity
dralnage. There is an oil band approx-
imately 500 feet thick in contact HT:h &
secondary gas cap which had an initial
reservolr presgure of about 4 psig. The
absence of natural water influx and
the small nupber of wells has facilitat=-
ed the establishment of a base perfor=
mance prediction anmd provides the means
te identify changes in production caused
by gas injection.

Based on the preceding characteristics, the

selected location meets the criteria needed

to asgess, in a timely manner, the incremen-
tal increase in production due to gas injec—
ticn.

Gas Injection Sites

Wells 34-106 and 44-1648, (the pilot injection
wells] are 75-100 feet abowve the gasfoil con-
tact apd are separated from sach other by a
normal fault with 20 to 40 fest of throw te
the scutheast. A map of the pllet area is
Tlvan in figure 1. Well 34-106 is completed

n sublayers Pa, A, AL and B of the 55-1,
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with an average net thickpness of 45 feet, a
project area of 7421 HAF and an average gas
saturation of &0% In the gas cap. Well 44-100
im completed only in sublayer D, with an
average net thickness of 15 feet, a project
arca of 1331 HAF and an average gas satura=

tion of &0k,

Thesge completions present the opportunity to
evaluakte both vertical and areal effect that
gas injection will have on 55=1 sublayers and
the faults surrounding the :|.njul:l'.m.‘!. Gag
imjection started im 34-10G on April 24, 19591
and in 44-10G on May 26, 1991.

Experimental Procedures
Tracer Injection

The FFTs were spacifically utilized to gual-
itatively determine the direction of migra-
tion of the injected gas and possible gas
nigration across the faults. PMCP and PHCH
were simultaneously injected into 34-10G on
June 18, 1991 over a 28 hour period when the
well was injectlimg 250 MCFPD of gas. The FPFTa
wers Intreduced inte the reservelr in the gas
phase by injecting a small flow of FFTs from
a high pressure cylinder flowing through a
ragulator into the injection wall. The regul-
ator was uged te ensure a constant injection
rate over the 28 hour Injection pericd. The
high pressure gylinder contained approximate-
1y 0.05%% of gasecus PHCP and O.06% of gaseous
FHCH in nitrogen. The resulting PFT concan=
tration in the 34-106 injection gas was
89,330 pleeliters of PMCP per liter of injec=
tion gas and 97,000 picoliters of PHCH per
+ liter of lnjection gas. Likewise, occ-PDCH
(64,700 pL/L) and obt-FOCH (13%,000 pL/L) were
injected into 44-10G on Juns 19, 1951 over a
24 hour peried when the well was injecting 75
MCFPD. Approdimately 12 grams of sach PFT was
used in this experiment.

Traoer Sanmpling

Tan menltoring wells (including both inactiwve
gas cap wells and active producers) were sam—
pled daily starting on June 1%, 19%1. The gas
cap wells were produced at low rates, about 1
HCFPD, to ensure turnover of the gas in the
wellbore. Sanpling was accomplizhed by col=
lecting directly at the wellhead into pra-
avacuated one liter pressure bombs by the
field cparator. The fleld operator also re-=
corded the wellhead pressure which was neaded
in the caleulation of the final PFT concen-
tration. The pressure bonbe containing the
sanples were then transported te the field
laboratory where they were further processed.
The pressure was neasured in each sanple bonb
and 1f it was less than § p:iq ik was diliak=
&d with helium to raise its pressure to 5
psig. Then a 50 nlL sample was withdrawn by a
syringe and injected ocnto a Capillary Absor-
bant Tracer Sampler (CATS). The CATS was de-
veloped as part of the PFT technology as a
convanient sampler for PFTs. The CATS is a
twoa inch long, 1f4 ™ 0.D. glass tube contain-
ing 60 milligrams of Amberscrb, a form of
activated carbon. The Ambersorb physlcally
adsorbs the PFPs from the 50 sl sample as 1t
flows through the CATS. The CATS tubes were

then malled te Brookhaven Hatlonal Laboratory
(BHL) for a.na.'l.]ru:lu. The CATS samplers have
the advantage of not having to ship sampling
borbs to the analysls site. Once the bomnbs
were sampled for PFTe, the bombs wers then
occasionally sampled for thelr hydrocarbon
gas conkent, especially in latter stages of
the program, to verlfy effective sampling of
the resarvolr. Several sample bombs occcasien-
ally contained alr inﬂicatlni the presence of
casaing leaks or that the monitering well was
no lenger in connection with the reservolr.
Before tha la'lpli:nrg bombs were returned to
the field for the next days samples, thay
ware steam cleaned, dried in a stream of
halium and pre-svacuated,

The CATS were shipped in 30 glass tube
mallers by express wall to EHL. Omoe recalv-
ed, the CATS were thermally desorbed through
a catalytie processing system to remove any
adsorbed hydrocarbons, especlally the higher
molacilar weight hydrocarbons which would
interfers with the furthar analysis of the
sample. The sanples were then recollected on
another set of CATS for analysis of their PFT
content,. Further detalls on the catalytical
processing of the sample ia given in rafer-
ence 3.

The CATS samples were then analyzed chromato-
graphically in a specially modified gas
chroematograph and detected using electron
capturs detection. Specific details on the
analysis technigue are given in reference 2.
A sample chromatograph showing the results of
an analyeis is given by Figure 2, Well
25-106, January 7, 1992 showing all four PFTs
used in this sxperiment.

Sampling at the monitoring wells continoed on
a dally basls threugh July 4, 1991. Dua to
anticipated tracer dispersloen Iln the reser-
voir, sampling frequency was reduced to every
other day until August 15, 1581. Sampling was
again reduced to every three days on August
18 and changed to every week on September 7,
1991. At that time, the number of mopltoring
walls vas Increased to 18 due to the detec-
tion of PFTs in wells across the "v" fault.
In early Hevember the nmumber of monitoring
wells was decreased te four (wells 81=10G,
28-106, 35-10G6, and 45-10G) as the final
stages of the tracer study were designed to
monitor movenant of FFIs across the *W® fault
and theilr continued movement in the oupdip
direction.

on several cocasions, duplicate bomb sampling
{two sample bomb=s taken at sach monitoring
well) and doplicate CATS sampling [btwo CATS
ganples par bomb sample] was undertaken to
asgess the precislon of the FFT sampling and
analysis Erncedureu. Based on eight duplicate
samples, it was determined that the measured
PFT concentraticns had a precisien of about
26%. The largest contribution te this rela-
tively poor canpling and analysis precision
(e ared to a lakoratory analysis precision
of a i) is dua to the possible casing
leaks in some of the monitoring wells or the
mathod of physically cbtaining the sample
which introduced varlable amcunts of alr inte




the samples. Thls was evidenced [after the
duplicate sample study) by the variablity of
the hydrocarbon gas present in the bombs as
diluted by air and shown by the hydrocarbon
gas analyeis of the samples. This variable
dilutien alse diluted the tracer concentra-
tionz in the sanple bomb thus decreasing the
overall precision of the sampling and analy-
sis methods. Wo correctlon to the tracer
concentrations have been nadé based on the
later hydrocarbon analyses, since this was
intended to be a gqualltative tracer experi-

mant.

011 sanples ware obtained from zeveral pro-
ducing welle in the olil zone. These oil sam-
ples, about 0.5 liters each, were sent to BHL
for PFT analysis. The FFT was extracted from
the oll samples by heating the oil and
collecting the vapor cnto CATS. The CATS was
then processed per the standard procedura.

Besults

Results of the PFT study will be discussed
according to individual monitering wells:

24=10G

Ta=3G

16=10G

63=10G

45-10G

PFTa injected at 34=10G wers deteock-
ed im this monitoring well five days
after the tracer injection. This
well is located about 770 fest to
the west of J4=10C implying a flow
wvalocity of about 150 [eet per day.
The PFT concentrations measured at
24=-10G are given in Cigure 3 as a
function of time since ifnjection.
Fote the persistance of the PFIs for
almost 100 days after injection
indicating pooling of the Injected
gas at 24-10G with subsequent mig=
ration away from 24-10G6. A minor de-
gresa of retardation exists between
FHMCP and PHCH as cbserved at this
well, The aobservation of tracer at
this well is conslstent with increa-
sing wellhead pressurs.

This well located 3600 fest to the
northeast of the injection wells
showed ne tracer after almost five
manths of monitorling.

This well located 1850 feet ta the
southwest of the injection wells
showed PFTs (from 34-10C) 105 days
after injection implying an average
transport velocity to this well of
17.5 feet per day. Tracer retarda-
tion betwesn PHCP and FMCH is obser-
wvad at this well with the latter PFT
arriving 28 days later.

Tracer was never detected in this
wall after five monthe of sampling.
However, the hydrocarbon analyses
indicated that almost all of the
sanples taken from this well con-
tained only air implying that this
well was not in connection with the
reservolr .

FFTs were detected in this well 1234

B1l=100G

52=10G

3IX-10G6

A5=-10G

15=10G

25=10G

days after injectien im J4-10G6. This
well is 240 feet to the socutheast of
34-10C and across the "W" fault. A
transport rate of 7.2 feet per day
can be calculated.

This well located 31560 feet to the
nectheast of 34-1080 showed FHCP 140
days after injection. PMCH, the
second PFT alés fnjected at 34-108,
appeared 161 days after Injection
indicating retardation. This is
shown In figure 4. The PFT concen-
trations detected at this well are
almost comparabla to thosae detacted
at 24-100 implying almost an equal
portion of injected gas bkaing tran-
sported to Bl-100 as to 24-10G.
Further analysls will be perferned
on the ohserved retardation ko
estimate a resldual pore ofl satura-
tien along this path. A velocity of
26 feet por day can be calculated.
The observance of FFT at this well
is corroborated by the imcreasing
wellhead pressure.

This wall located 1800 feet to the
northeast of 34-10C showed FFTE
{from 14-10G) B4 days after injec-
tion. Howewver, this cccurred aftear
the well had undergone an Injecti=
wity breakdown procedure to resstab-
1igh reservoir communication. Thae
PFT concentrations are comparable to
those =een at 81-100.

Ho or neglligible ameunts of PFIs
wers detected at this well suggest-
ing the injected gas does not cross
the *¥V* fault at this location.

FFTs (from 34-100) were detected 24
days after injectlon at this well
lpcated 690 fest to the south of
34=10G. The FFT coencentrations are
abaut & factor of 100 lawer at this
will compared to 24-10C suggesting
that only a small portion of the in-
jected gas is being transported to
35=10G.

PPTs wvere detected at this wall 47
days after injection in 34-106. This
wll i€ located 1600 Ffeek to the
southwest of 34-100. FFTs coptinued
to be detected at this well for two
months until the end of the sampling
program.

PFTa (from J4=-103) were detected 34
days after injectlon at this well
located 1000 [eat to the southwest
of 34-10G. As eeen in figure %, the
FPFTs p-r;iﬂ.&d about 315 days at this
well. NHote also the retardation in
arrival tines between FMCP and PMCH.
PFTs injected at 44-10C wars detect-
ad at 120 days after injection as
sean in figure &. This is tha only
wall in which the PFTs injected in
44=-10G have to date been detected,
The chromatogram shown in figure 2
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is from a gas sample from this well
ghowing all four PFTs being simul-
taneoualy detected.

FFTs (from 14=104G) were debected at
this waell when this wall Wwas added
te the monitoring program at 23 days
after injection. This well is
located 1300 feset te the west of
34-10G across the "V® fault. The PFT
concentration is a factor of 10
lowar rod to 24-108 suggesting
that the "v* fault is only partially
sealing at thils location.

14-10G

B =503 FPFTe (from 34-10G6) were detected at
this wrll as zoon as it was added to
the menitering program 38 days after
injection at 34=10G. This well ia
located 1925 feet to the west of the
injector. The PFT concentration de-
teckted at this well is comparable to
that detected at 14=10G, uuq?nating
a rapld, albeit ninor westerly
transport of injected gas from
14-10G.

A small breakthrough of PFTs (froa
34-100) eccurred 113 days after in-
jection at this well, located 1025
feat to the west of 14=106 across
the "¥* fault. The FFT concentratlon
is comparable to that from wells
located to the west of the "VY fault
where PFT was detected.

LANE=100G

He or negligible amsunts of PFT were
detected at this well. This well is
located to the west of well 75=-8G
and iz not on figure 1.

B5=5G

FFT5 (from 34=-10G) were detected at
B4 days after injection at this well
located to the west of 84-5G. The
FFT concentration are comparabla to
those sesn at wells west of tha “v©
fault. FFTE were also detected in
the oil sample from this well.

T4=0G

FFTs (from 34-10G) were detected akt
this well as soocn as It was included
in the sampling program &2 days af-
ter tracer injection. As before, the
FFT concentrations are conslstent
with those detected at walls west of

the "v" fault.

B5=9G

¥o FFTs detected at this well. This
well is located to the west of well
75=8G and is not on figure 1.

55=9G

on several sampling dates a wniform conceh-
tration of PFT= wae detected at the majority
of the monitoring wells, even at those shown
by hydrocarbon gas analysis mot to be in con-=
nection with the reserveir. on examination,
the cause was found to be tracer backllow
when the primary vacuumn compressor mal-
functioned., However, it was found that tha
backflow problem could be clearly identified
by tracking compressor downtime. As such,

samples were not obtained when the compresser
was not operational.

Cconcluslons

The imnclusion of PFTe in this pilot study
aided in the delineatlion of in?uthud gas
transport in the 55-1 layer of the Shallow
0l Zona. Presently, the PFT experiment is
still engeling and the analyses of the results
is not yet completa. Howsver, soms conclus-
ijons can tentatively be drawn from the
results of the PFT study:

Detection of PFT in wells ocutside of the
pllot project area confirmed that the
faults bounding the pllot project are

not absolutely sealing, buk are re-
strictors to thea nigra.l'.iﬂh of injected
gas at low reservolr pressures (10 to 20
pelgl. Amalysis of incremental reserveir
pressures in the pilot indicates the
bounding faults are leaking approximately
10% of the injected gas.

1)

) :E::pll.nil:.lqn of the observed PFT migration
fattarna in the reservoir may require re-
nterpretation of the current fauwlt pat-

terns. The detection of PFT in well
B1-106G, but net in weall 78-3G, and the
confirming reservolr pressure data, indi-
cates that a potentlally different fault

orientation exists.

Areas of production response are consis-
tent with increasing detection of FFTs.

4]

The observed retardation between the
arrival of the two PFTa at 81-10G and
25-10G may possibly provide an estimate
af residual pore @il saturation aleng the
path fram the injectiom walls to theas
monitoring wells.

4)

other presently on-going PFT experiments ak
HFRC

There are two cother PFT experiments at HFRC
which are presently ongoing. The first con-
glete af a #ix PFT experiment in the 242 ra-
servoir undergoing gas and water Injection
and the second is also & wulti-PFT eiperiment
in the 26R reservolr undergoing gas injec-
tion. Results of these experiments will be
avallable at a later date.
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Table 1

Current and Future Potential Perfluorocarbon Tracers

Name Abbreviation
Perfluorodimethylcyclobutana FDCEB
Perfluoromethylcyclopentana PMCP
Perfluoromethyleyclohexane PMCH
Perfluoro cis 1,2-dimethylecyclohexane oc-PDCH
Perfluoro trans 1,3-dimethylcyclohexane mt-PDCH
Perfluoro cis 1,4-dimethyleyclohexana pe-PDCH
Perfluoroethylcyclohexane PECH
Perfluoro trans 1,2-dimethylcyclohexane ot-FDCH
Perfluoro cis 1,3 dimethylecyclohexane mc-PDCH
Perfluoro trans 1,4 dimethylcyclohexane pt-PDCH
Perfluoro cis indane 1-PI
Perfluoro trans indane 2-PI
Perfluoro trimethylcyclochexane 1-PTCH
Perfluoro trimethylcyclohexane 2=PFTCH
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Presantly only perfluoro indane is not available
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Tablea 2

Physical properties of the PFTs
Melting Boiling Density Critical Properties

Point Point at 20 C Tc (C) Pc (atm)
Tracer (C) (<) {gm/ce)

PDCBE =40 44.5 1.67 170.1 21.0
FMCP -45 48 1.72 177.9 22.5
PMCH =39 76 1.80 210,2 21.1
PDCH (ot+oc)  -22 102.6 1.87 235.2 18.7
FDCH (mt+mc) =70 102.1 1.886 235.5 18.7
PDCH (pt+pe) =70 100.9 1.85 235.5 18.7
PECH =60 101.0 1.77 234.1 18.7
PI -8 to =15 117.8 1.89 == -

PTCH =56 125.2 1.90 257.5 17.2
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Individual values for the cis/ftrans isomers of PDCH, PI and PTCH
are not available.
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